The defect evolution upon annealing of low energy, amorphizing germanium implants into silicon was studied using plan-view transmission electron microscopy. Implants with energies of 5-30 keV at an amorphizing dose of 1ϫ10 15 Ge ϩ cm Ϫ2 were annealed at 750°C from 10 s to 360 min. For the implant energies of 10 and 30 keV, the defects form clusters which evolve to ͕311͖ defects that subsequently dissolve or form stable dislocation loops. However, as implant energy drops to 5 keV, the interstitials evolve from clusters to small, unstable loops which dissolve within a small time window and do not form ͕311͖'s. To determine the effect of the free surface as an interstitial recombination sink for 5 keV implants, the amorphous layer of a 10 keV implant was lapped to less than the thickness of a 5 keV amorphous layer and then annealed. We found that the defect dissolution observed for the 5 keV implant energy was dependent on the implant energy and not the proximity of the end-of-range damage to the surface. The activation energy of the observed rapid defect dissolution at 5 keV was calculated to be 1.0Ϯ0.1 eV.
I. INTRODUCTION
Preamorphization is a common technique used in the formation of ultrashallow junctions for Si-based microelectronics.
1-3 This step introduces end-of-range ͑EOR͒ defects below the amorphous/crystalline interface, which influence dopant diffusion and activation. 4 The excess interstitials in the EOR region are a source for transient enhanced diffusion ͑TED͒. 5 The behavior of the excess interstitials is especially important in understanding the formation of ultrashallow junctions at the low energy regime ͑Ͻ5 keV͒.
Nonamorphizing Si ϩ implants have been previously studied, [6] [7] [8] [9] and a consensus regarding the effect of interstitial evolution on TED has emerged. 10 In essence, the path includes the formation of small precursor clusters, which coalesce into ͕311͖ defects, which then either dissolve or transform into dislocation loops. 7, 9 At longer times, these loops either dissolve and drive TED, or become stable and trap interstitials. Recently there has been interest in using low energy Ge ϩ implants to preamorphize the Si surface prior to dopant implantation. 11 For reasons not understood, a 5 keV implant appears to result in the least amount of diffusion. The objective of this work is to characterize the defect evolution for low energy amorphizing implants.
II. EXPERIMENT
Czochralski grown ͑100͒ Si wafers were implanted at room temperature with a constant dose of 1ϫ10 15 Ge ϩ cm
Ϫ2
at 5, 10, and 30 keV energies with a 7°tilt. Cross-section transmission electron microscopy ͑XTEM͒ was used to measure the amorphous layer thickness produced from the implants. A JEOL 2010 high-resolution TEM operating at energy of 200 keV measured the amorphous layer thickness for the 5 and 10 keV energies to be 100 and 180 Å, respectively. The 30 keV energy amorphous layer thickness was measured to 480 Å by a JEOL 200 CX TEM. Plan-view TEM ͑PTEM͒ specimens were first annealed at 750°C using an AG Associates Heatpulse 410 rapid thermal annealing ͑RTA͒ system for times up to 120 s while anneals above 5 min were performed in a conventional furnace with a nitrogen ambient for times up to 360 min. The plan-view specimens were then chemically thinned from the backside. A JEOL 200 CX operating at 200 keV using a g 220 two-beam imaging weak beam dark field condition was used to analyze the annealed samples. Defect evolution was then quantified from enlarged micrographs and defect and interstitial density counts were extracted. Figure 1 shows the defect density and trapped interstitial behavior for the 5, 10, and 30 keV energies following 750°C anneals. The defects density decreases with time as expected for the three implant energies, but the defects that evolve for the 10 and 30 keV energies are different than that of the 5 keV energy. For the two higher energies, defect clusters grow into ͕311͖'s with time, then dissolve, releasing trapped interstitials for dislocation loop growth. After 360 min of annealing, only large, stable dislocation loops are observed. For the lowest energy several different effects were observed: ͕311͖'s were not observed for the 5 keV energy, and the small, unstable dislocation loops that did form completely dissolved before 60 min.
III. RESULTS AND DISCUSSION
The interstitial behavior shown in Fig. 1͑b͒ is stable up to 60 min, after which all energies exhibit a decrease in the To gain a further understanding into the 5 keV defect dissolution process, a surface lapping experiment was performed to determine the role of the free surface as an interstitial recombination sink. Previous studies of nonamorphizing Si ϩ implants report that the surface acts as a recombination sink and influences defect evolution. [12] [13] [14] However, other studies of amorphizing implants show that EOR damage evolution is implant energy dependent and the surface proximity has no effect. 15, 16 To isolate the surface proximity effect, the amorphous layer of a 10 keV specimen ͑thicknessϭ180 Å͒ was mechanically lapped to less than that of the 5 keV amorphous layer thickness ͑thicknessϭ100 Å͒ using colloidal silica, particle sizes of 0.2-0.6 m, against rayon polishing pads. Ellipsometry was used for ␣-layer measurements during the lapping process while highresolution TEM was used for the ultimate measurement. Figure 2 shows high-resolution cross section TEM ͑XTEM͒ micrographs of the amorphous layer thickness for 10 keV-lapped, 10 keV, and 5 keV specimens. The measured amorphous layer thickness is 80, 180, and 100 Å, respectively. Reducing the amorphous layer thickness below that of the 5 keV energy isolates the surface effect variable during defect evolution. The 10 keV-lapped specimen was then annealed from 5-360 min at 750°C. PTEM analysis shows that the defect evolution for the 10 keV-lapped specimen strongly resembles that of the 10 keV energy. Figure 3 shows PTEM micrographs of the 10 keV-lapped compared to 10 and 5 keV specimens after 60 min anneals. Qualitatively comparing defects, ͕311͖ dislocation unfaulting into loops as well as small dislocation loops are visible for the 10 keVlapped and 10 keV specimens, while there are no defects present for the 5 keV specimen. Figure 4 shows the defect density for the 10 keV-lapped specimen after annealing compared to those for the 5 and 10 keV energy. The 10 keV-lapped specimen does not exhibit dissolution of defects over the annealing schedule and dislocation loops remained after 360 min. This behavior shows that EOR damage is not greatly affected by free surface proximity even with amorphous layer thickness Ͻ100 Å and that the observed defect dissolution in the 5 keV specimen is implant energy related.
To gain a further understanding of the defect dissolution process observed for the 5 keV energy implants, specimens were annealed at multiple temperatures to calculate the activation energy of the dissolution. Specimens were examined using PTEM in 5 min intervals near the dissolution window to identify when it occurred at temperatures of 725, 750, 775, 825, and 875°C. The times and corresponding temperatures were plotted in an Arrhenius-type chart to calculate the activation energy. Figure 5 shows defect densities from the five annealing times near the dissolution window. Dissolution times decrease as the annealing temperature increases as one would expect, but not to a large extent. The defect densities for the various temperatures show that the dissolution process occurs very rapidly upon its onset. Defect densities drop from the 10 9 range to undetectable levels within 5 min. This supports that the damage produced from low energy implants evolves into defects with a stability threshold, but the pathway for the dissolution is not known at this time. Figure 6 is the dissolution times for the 5 keV energy and their corresponding temperatures modeled in Arrhenius form. The plot follows the behavior of the exponential ϭ 0 exp͕Ϫ⌬E/kT͖, where 0 ϭ22.78 s Ϫ1 and ⌬Eϭ1.0Ϯ0.1 eV. Since the dissolution times were pinpointed within a 5 min range there is at least a 10% error in the times shown in Fig. 6 . Previous studies of dislocation loop dissolution in silicon have always shown an activation energy of 4 to 5 eV. 17 The explanation for this has always been that Si selfdiffusion was involved, which has an activation energy of ϳ4.5 eV. 18, 19 The activation energy for dislocation loop dissolution in the 5 keV implant is much lower than these prior values. It is unclear at this time why this is observed but further investigations into this phenomenon are in progress.
IV. CONCLUSION
There is a defect stability threshold for Ge ϩ amorphizing germanium implants with energy Ͻ10 keV. The defect evolution for the 5 keV energy does not involve formation of ͕311͖'s that grow into dislocation loops like higher energies of 10 and 30 keV. The 5 keV energy forms small, unstable loops that rapidly dissolve within a small time window and do not form extended defects. Implantation energy is the dominant factor in the observed defect dissolution, the free surface does not play a significant role in this system. The dissolution activation energy was calculated to be 1.0Ϯ0.1 eV. This low activation energy value suggests that at low implant energies, EOR damage forms unstable defects that use a different pathway from higher energies to evolve. 
